Liquid batch cultures of Fusarium culmorum showed a typical growth pattern coupled with a rapid fall in the pH of the medium followed by a rise in pH after the cessation of growth. Production of conidia was associated with this final pH rise. In glucose-limited continuous cultures without pH control, a low pH was maintained and the organism remained totally vegetative. Adjusting the pH to values above 5.0 for 6 h or more led to maximum production of conidia. The rate of development of conidia was independent of the growth rate but the rate of production of conidia was greatest at high growth rates. Glucose inhibited both production of conidia and the rate of development of conidia in phosphatelimited and nitrogen-limited cultures. The increased rates of conidium production at high growth rates were achieved not by the greater proliferation of apices, but by the development of a greater proportion of the apices into conidia.
INTRODUCTION
In traditional culture situations, i.e. solid media and batch liquid cultures, fungi normally commence sporulation as they approach either the edge of the plate or the stationary phase of growth. The reasons for the onset of sporulation are probably diverse and factors such as nutrient exhaustion and the accumulation of metabolic products have been most widely implicated. Morton (1967) suggested that substrate limitation and the concentration of C 0 2 or HC03-were factors which had been most frequently found to act as morphogenetic stimuli.
In recent years the chemostat technique of continuous culture has been applied to the study of filamentous fungal growth. These studies have been largely concerned with establishing the effects of dilution rate and of different nutrient limitations on the physiology of vegetative growth (Rowley & Pirt, 1972; Carter et al., 1971 ; Bainbridge et al., 1971 ; Carter & Bull, 1969) . The organisms most frequently used have been species of Aspergillus, Penicillium chrysogenum and, more recently, Geotrichum candidum (Fiddy & Trinci, I 975). The only published study on growth of Fusarium in continuous culture appears to be that of Steensland (1973) working with the sewage fungus Fusarium aquaeductuum.
Sporulation of fungi in continuous culture has proved to be less than satisfactory for several reasons. Not all fungi will sporulate normally in submerged liquid culture and also the level of the sporulation response is often very low. Conidiation in continuous culture has been described for Aspergillus niger (Ng, Smith & McIntosh, 1973) and Penicillium chrysogenum (Righelato et al., 1968) ; in both studies, conidium production was greatest near the maintenance energy supply. The conidiation conditions were therefore similar to those exhibited by a batch culture approaching the stationary phase of growth. Carter & Bull (1971) reported some free conidia in the media of glucose-limited cultures of A. nidulans, in
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the absence of differentiated conidiophores, at dissolved oxygen tensions below 3-5 mmHg (470 Pa). The Aspergillus and Penicillium conidiation systems are also complicated by differentiation in submerged culture not following the normal pattern. The conidia of Aspergillus and Penicillium are blastospores but recently arthrospore production has been studied in continuous culture using Geotrichum candidum (Robinson & Smith, 1976 ). However, the sporulation level in Geotrichum was quite low.
The ideal system for studying fungal sporulation in continuous culture requires high levels of sporulation under conditions suitable for rapid vegetative growth, coupled with the production of normal spores. With Fusarium culmorum we have now achieved high sporulation levels associated with active growth and the essentially normal production of the blastosporous macroconidia has been established (Marchant, I 975) .
METHODS
Organism. Fusarium culmorum (W. G. Smith) Sacc. 1~196283 was maintained at 4 "C on potato dextrose agar slopes. Suspensions of conidia for inoculation were prepared by washing the surfaces of cultures grown in Roux bottles on potato dextrose agar for 2 weeks a t 25 "C with sterile water. Batch culture. Batch cultures consisted of 25 ml medium in 250 ml Erlenmeyer flasks inoculated with a suspension of conidia and incubated at 25 "C in a reciprocal shaker ( IOO strokes min-l).
Media
Dry weight determination. Cultures were filtered through pre-dried and pre-weighed glass-fibre filter papers and dried to constant weight at 80 "C. Dry weight values were the mean of two to four replicates.
Separation of conidia and hyphae. Released conidia were easily separated from hyphal material by washing through a loosely packed plug of glass-wool. This separation was confirmed as totally efficient by microscopic examination. Mean numbers of conidia were determined from six replicates using a haemocytometer. Hyphal lengths were measured using a map measurer on calibrated camera lucida drawings.
Sugar determinations. Sugars were determined in duplicate using either the anthrone method (Fairbairn, 1953) or the neocuproine method (Dygert et al., 1965) .
Continuous culture. The continuous culture apparatus used was a Microferm (New Brunswick Scientific Co., New Jersey, U.S.A.) with a 5 1 culture vessel. The experiments were all done at 25 "C with a 3 1 working volume and an aeration rate of I 1 air min-l. pH was measured and controlled with a dual-stage pH controller, using 2 M-NaOH and 2 M-HCl. Foam control was achieved by adding polypropylene glycol 2000 to the culture medium either at 0.5 ml 1-1 or by intermittent automatic addition under the control of a foam-sensing probe.
Cultures were established by inoculating a small volume of medium (500 ml) in the vessel with an actively growing culture and allowing it to grow in batch overnight. The vessel was then filled to 3 1 and the culture was left in batch for a further 6 h before the start of continuous flow.
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Estimates of total conidium production. Over a specific time the total number of conidia produced by the fungus was equal to the number remaining in the fermenter vessel plus the number washed from the vessel by culture harvesting. The number in the fermenter vessel was readily calculated. The number washed from the vessel was calculated by integrating the area under the conidium production graph, after converting the time period to volume of culture harvested (dilution rate was constant over the time period). These numbers were added to give the total conidium production. A similar calculation was made for the dry weight of hyphae and conidium production was expressed as the number of conidia produced (mg hyphae)-l.
When comparing conidium production at different dilution rates an important factor was the residence time of the hyphae in the fermenter vessel. (The mean residence time, which can also be considered as the 'conidiation time', is the reciprocal of the dilution rate.) The estimates of conidium production at different dilution rates were therefore expressed as the number of conidia produced (mg hyphae)-l (h mean residence time)-l, which corrected the inherent biases in the estimates at different dilution rates.
RESULTS
Batch culture
Batch cultures inoculated with conidia showed a typical growth curve with the increase in dry weight ceasing after approximately 50 h (Fig. I) , when the carbon source was exhausted. A feature of batch cultures was the rapid decline in pH from 6.5 to a minimum value of approximately 3.7 (Fig. I) . Attainment of this minimum value coincided with the cessation of growth and the exhaustion of carbon substrate. After growth had ceased, the pH rose and simultaneously conidia began to appear in the cultures (Fig. 2) .
Continuous culture
The organism grew in continuous culture at 25 "C with a minimum doubling time of approximately 6.3 h, which was significantly less than that obtained with the same medium in batch culture (5-4 h) either in shake flasks or in the fermenter vessel. Supplementation of the medium with biotin, as suggested by Solomons (I972), did not improve the maximum specific growth rate in continuous culture, as determined from the wash-out point. The yield constant was 0.51 to 0.53 for dilution rates between 0.015 and 0.1 I h-l giving a biomass of approximately 5 g dry wt 1-1 under the glucose limitation conditions used.
The residual glucose in non-sporulating glucose-limited cultures, over the range of dilution rates used, varied between 60 and IOO mg 1-l, as determined by the anthrone and neocuproine methods.
If the pH of the continuous culture was left unadjusted, it rapidly fell from the starting pH of the medium (6.5) to a steady-state value of approximately 3.4. This value was not appreciably affected by the dilution rate.
Induction of sporulation
As sporulation occurred in batch cultures when growth ceased and this coincided with an increase in pH, these factors were examined separately as triggers of sporulation. Cultures grown at a low dilution rate (0.015 h-l) did not produce conidia. However, when the pH of vegetative cultures was raised and maintained at 6.5 by the addition of alkali, profuse sporulation occurred within 6 to 8 h (Fig. 3) . The production of conidia was associated with a change in the colour of the culture from creamy white to pale brown. The production of conidia did not remain constant over prolonged periods, but showed a cyclic fluctuation. Associated with the changes in sporulation levels were changes in hyphal dry weight and residual glucose. At periods of high conidia release into the medium the hyphal dry weight decreased and the concentration of residual glucose increased (Fig. 3) . As all nutrients other than glucose were in approximately fourfold excess, the culture did not become limited by any other nutrient when the residual glucose concentration rose. The experiments with continuous cultures indicated that pH was the sporulation trigger, rather than nutrient exhaustion or cessation of growth, and therefore the effect of maintaining the shaken flask batch cultures at a pH of 3 5 was examined. This expedient of preventing the secondary pH rise totally inhibited sporulation in the batch cultures but, as might be predicted, the cultures finally underwent autolysis without producing any conidia.
Induction time
The effect on continuous Cultures of increasing the pH to 6-5 for brief periods was examined. Periods of up to 5 h did not result in any release of conidia into the medium.
After 6 h at pH 6.5 a small number of conidia were released and 24 h later these were no longer present in the vessel (Fig. 4) . Longer periods at pH 6.5 resulted in the production of larger numbers of conidia which took longer to disappear after the return to pH 3.5 (Fig. 4) .
Critical p H value
The production of conidia in relation to pH was examined by maintaining continuous cultures at various pH values (Fig. 5) . The integrated values for conidium production related to hyphal dry weight over a 40 h period (Fig. 6) indicate that maximum conidium production occurs at pH values above 5.0. The time at which conidia appeared in the media was independent of the pH and of the final level of conidium production (Fig. 5) .
Sporulation in relation to growth rate
The production of conidia as a function of growth rate in carbon-limited cultures is shown in Fig. 7 . The numbers of conidia present in the medium do not reflect accurately the production of conidia due to the decreasing residence time with increasing dilution rate. However, an increased growth rate does lead to greater conidium production. Furthermore, the development time for individual conidia is independent of growth rate as is evidenced by the similar times which elapse before the first conidia appear. A more accurate expression of the rate of production of conidia is given in Fig. 8 where numbers of conidia are related to hyphal dry weight and to mean residence time. 
Efect of glucose on sporulation
In phosphate-limited cultures, sporulation levels were generally low and conidium production was progressively inhibited by increasing concentrations of glucose (Fig. 9) . There was a linear relationship between conidium production and excess glucose concentration (Fig. 10) . In addition to inhibiting the production of conidia, glucose also delayed the appearance of the first conidia in the medium (Fig. 9) and therefore presumably lengthened the conidium development time. (----) and number of conidia (-) in a nitrogen-limited continuous culture of Fusurium culmorum (dilution rate 0.1 h-l).
Excess glucose concentrations were 150 mg ml-l (0) and 50 mg ml-l (0).
Inhibition of sporulation by glucose was also evident in nitrogen-limited cultures (Fig. I I) , although in this case considerably higher levels of excess glucose were necessary to produce inhibition. Total inhibition of sporulation in phosphate-limited cultures occurred when the excess glucose concentration was 35 mg ml-l while in nitrogen-limited conditions 150 mg ml-l did not totally inhibit sporulation.
Morphological characteristics
The morphological changes which the hyphal pieces underwent during conidial differentiation are illustrated in Fig. 12 . The most obvious feature is the proliferation of hyphal apices. During the development of conidia, i.e. the period following the pH increase, there was a progressive increase in the number of apices and also an increase in the number of those which could be identified as developing conidia (Table I) . Previous results showed that the production of conidia was greater at higher dilution rates; the reason for this is that the hyphal pieces, though marginally larger, did not have more apices at the higher dilution rate, but a higher proportion of the apices differentiated into conidia.
DISCUSSION
The continuous culture sporulation system of Fusarium culmorum is a useful system for examining the processes of fungal differentiation. Marchant (I 979, in an ultrastructural study of the development of conidia in this system, has shown that although the development was not completely phialosporous there were no obvious differences from the production of conidia on solid media. This contrasts with the situation in Aspergillus niger (Ng et al., 1973) and Penicillium chrysogenum (Righelato et al., 1968) where conidial heads with atypical morphology are produced in continuous culture. Fusarium culmorum further differs from some other organisms studied in that it sporulates under conditions conducive
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to active vegetative growth. The dilution rate need not be decreased to low levels to induce sporulation. Although nutrient limitation has often been suggested as a morphogenetic stimulus, it is certainly not effective as a stimulus for sporulation in F. culmorum. However, when glucose is not the limiting nutrient it does exert an effect on sporulation, by decreasing the concentration and delaying the appearance of conidia in the medium. The delay in the appearance of conidia may be due to an effect on the period of development of an individual conidium, something which is unaffected by growth rate or pH. The inhibition of fungal sporulation by high sugar levels in batch cultures has often been reported (Morton, 1967) and may now be studied in more detail in the F. culmorum system. Vegetative continuous culture of filamentous fungi, including F. culmorum, achieve steady-state conditions providing the culture is homogeneous. For sporulation to occur in F. culmorum these steady-state conditions have to be deliberately disturbed by suddenly increasing the pH from 3.5 to 6.5. The number of conidia, hyphal biomass and residual glucose show cyclic fluctuations, with conidia developing at a number of tips. After about 6 h the first conidia appear. Later peaks of conidium density in the culture vessel probably represent continued semi-synchronous production of conidia. These cycles of conidium release can be observed for a considerable time. Marchant & White (1966 , 1967 showed that conidia of F. culmorum require both carbon and nitrogen sources to germinate and that germination is preceded by swelling. In all the experimental situations used in this study, except one, the conidia produced in the culture vessel were washed out without becoming swollen or germinated. The conidiation process therefore results in the conversion of a large portion of the biomass in the vessel to a non-growing state. This in turn reduces the substrate consumption such that the residual glucose concentration rises. After the release of one flush of conidia, the hyphal biomass increases before the release of the next completed conidia. Because of the fluctuations in the number of conidia in the culture vessel, spot values of conidium density, as used by other workers, do not accurately reflect conidium production and we have therefore used integrated total production values over specific time intervals.
Growth rate, pH and glucose concentration were precisely controlled in continuous culture and all influenced conidiation in F. culmorum, probably through the proportion of hypbal apices differentiating into conidia. The process of conidium induction is also sensitive to the rate of conidium development and release, a relatively constant proportion of differentiating apices being maintained under one set of environmental conditions.
In the absence of high sugar concentrations, as in the soil habitat of F. culmorum, the principal trigger for conidiation appears to be pH. In both batch culture and continuous culture this organism excretes large amounts of organic acid into the medium. The secondary rise in pH in batch cultures also suggests that the organism is able to re-utilize this acid after the exhaustion of other carbon substrates, Recent observations (Marchant, unpublished results) suggest that only a single organic acid is produced in any quantity. Such a system of excretion of an unusual acid into the soil might provide the organism both with a competitive advantage and also a simple method of controlling its own differentiation.
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